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GENERAL INTRODUCTION
Throughout history, numerous studies have been directly or indirectly
related to exercise physiology. In the 1 800 ' s Schwann, the co-founder of
the cell theory, was the first to measure the respiratory quotient on an
exercising man. In 1890, Zuntz made a great technological advance in
exercise physiology when he introduced the non-rebreathing valve, then
continued his work on exercise by being the first to utilize a treadmill to
study exercise in horses. During the 20th century, exercise physiology gained
more support with pioneers such as Hill, Krogh, and Meyerhoff, who received
the Nobel prize for their work.
Exercise physiology, in a general sense, attempts to explain how the
living organism functions under conditions which tax the upper limits of
its physical performance. By increasing work intensities, one can get a
greater understanding of not only the mechanisms which govern the body systems
at rest, but also gain insight into how these systems operate during exercise.
Barcroft stated that, "the condition of exercise is not a mere variant of
the condition of rest, it is the essence of the machine." He was impressed
by the "majesty" of the locomotive standing "by the platform of a railway
station," but to understand the function of the locomotive it was necessary
to study it during its maximal activity.
The purpose of investigating the cardiopulmonary response to exercise
in birds was to determine if the conventional theories, regarding the
mechanisms which control ventilation and hemodynamics during rest, could
J. Barcroft, Features in the architecture of physiological function.
University Press, Cambridge, pp. 1-368, 1934.
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explain the responses elicited by the animal during exercise. It is the
attempt of this thesis to add to the already vast quantity of information
concerning the factor(s) responsible for the control of ventilation during
exercise.
PART I. ARTERIAL AND MIXED VENOUS BLOOD GAS TENSIONS IN EXERCISING DUCKS
ABSTRACT
Adult White Pekin ducks were exercised at three work levels on a tread-
mill at speeds of 0.9, 1.^7, and 2.16 km/hr for 20 minutes with a 90 minute
rest period following each exercise period. Blood gas and pH analyses were
performed on samples simultaneously withdrawn from the brachial artery and
right ventricle (as an estimate of mixed venous blood) at predetermined
intervals during the experiment. Both arterial and mixed venous PC02 signifi-
cantly decreased with increases in the level of exercise. Arterial pH did not
change significantly from resting values at any exercise level. Mixed venous
pH decreased at the onset of exercise but returned to near resting values by
the end of each exercise period. These measurements indicate that ducks
increase their ventilation during exercise above that required to eliminate
the generated C0„. Because the increased ventilation produces a reduction
in arterial PC0_, it is unlikely that peripheral or central C0_-sensi tive
chemoreceptors are responsible for the ventilatory drive.
INTRODUCTION
The majority of studies on blood gas tensions during exercise have been
conducted on humans or other mammals. Information concerning the blood gas
values in exercising birds is limited; however, two studies have been reported.
Penguins, during unrestrained field exercise and treadmill walking, increased
their arterial 0„ tension and saturation but did not appreciably change
arterial pH until exercise was severe and exhausting (8). Pigeons, flying
in a wind tunnel, exhibited a decrease in arterial and mixed venous PCO-, a
decrease in arterial and mixed venous pH, and a decrease in mixed venous
P09 ; arterial P0„ increased over resting values (2). In the present study,
we report on arterial and mixed venous blood gas tensions and acid-base
status during rest and during various levels of exercise in ducks.
METHODS
Animal preparation . Ten adult White Pekin ducks (Anas platyrhynchos
domes ticus ) weighing 2.2-3.2 kg were obtained from a local breeder, housed
on an indoor floor pen, and provided with feed and water ad 1 ibitum . Ducks
were weighed, placed in dorsal recumbency, and administered 1.0-2.0 ml
xylocaine (1% lidocaine HC1 , Astra Pharmaceutical) subcutaneously on the
ventral side of the right wing around the cutaneous ulnar vein and brachial
artery. The brachial artery was cannulated using a polyethylene catheter
(Clay Adams PE 90). Silastic tubing (Dow Corning, 0.76 mm ID, 1.65 mm 0D)
was inserted into the right ventricle via the cutaneous ulnar vein. Catheter
position was verified at the end of the experiment.
Record i ngs . Arterial blood pressure and right ventricular pressure
were measured with pressure transducers (Statham, model P23Gb and model
3P23De) and recorded on a multichannel pen recorder (Brush, model 481).
Hematocrit was determined on arterial blood samples by a microcentrifuge
method (11).
A treadmill was fabricated from a belt sander. The treadmill belt pro-
vided a 152 mm by 610 mm silicone rubber-coated running surface and was
driven by a variable-speed motor. A wire cage was constructed around the
belt to confine the duck on the treadmill. Openings in the top of the cage
enabled the catheters to extend to the sampling syringes, thus eliminating
any handling of the animal throughout the experiment. The sides and back
of the cage were draped so that the duck could not see anyone during the
rest periods; this minimized the possibility of exciting visual stimuli.
The pH and PC0_ of arterial and mixed venous blood were analyzed at
41.0 C with a blood gas analyzer (Instrumentation Laboratories, model 113).
Body temperature of the duck was not measured because a rectal probe appeared
to impede exercise, and therefore blood gas values were not corrected for
temperature changes throughout exercise. The pH electrode was calibrated
before and after each exercise period with buffers of pH 6.840 and 7.384.
The PC0
2
electrode was calibrated with gases (5% C0
2
, 15% 2 , and 80%
nitrogen and 0% 0-, 10% C0
2 ,
and 90% nitrogen) derived from gas mixing
n
pumps (Wosthoff, model 301 a/F). The standard bicarbonate concentration
was calculated with a blood gas calculator (10) using the pK 1 for carbonic
acid and the solubility coefficient for C0
2
in avian plasma reported by
Helbacka et ah (5).
Experimental protocol
. Several days before an experiment, each duck
was allowed one or two practice runs on the treadmill. This served to
(a) accustom each duck to running on the treadmill and (b) determine the
maximum running speed the ducks could successfully endure for 20 min.
kMaximum running speed was found to be 2.16 km/hr; only ducks which success-
fully met this criterion were used. Conversely, the slowest walking speed
at which the ducks would continue to exercise was 0.9 km/hr.
Three predetermined, randomly ordered treadmill speeds (0.9, 1.^7, and
2.16 km/hr) at a treadmill incline of 3° constituted the exercise levels of
each experiment. Each 20 min exercise period was followed by a 90 min rest
period. Samples of arterial and mixed venous blood (about 1.5 ml) were
anaerobical ly withdrawn at four predetermined time intervals during rest
and exercise and immediately analyzed for pH and PCO,,. Catheters were
flushed with approximately 0.6 ml of saline between samples. Blood taken
from donor ducks prior to experimentation was kept tonometered with gas
(5% C02 , 15% , and 80% N2 )
throughout, and was used to replace blood
withdrawn from the exercising birds. To prevent coagulation, 500 IU of
heparin (Organon, Inc.) was added to 50 ml of tonometered blood. No adverse
signs resulted from blood transfusions.
An additional experiment was performed on one duck to test the possible
influence of cardiac catheterization on the action of the heart. A poly-
ethylene catheter was placed in the right brachial artery under local
anesthesia for measuring arterial pH and PC0-, but the right ventricle was
not catheter ized. Exercise was conducted as previously described.
Data analysis . The data were analyzed on an ITEL AS/5-3 computer using
a two-way analysis of variance to test for difference among means. The
means were separated using the least square differences. The level of
probability at which means were considered to be significantly different was
FK0.05.
RESULTS AND DISCUSSION
Table 1 compares hemodynamic variables during rest before the experiment
began and 90 min after the last exercise period. The mean arterial blood
pressure, right ventricular pressure, systolic and diastolic blood pressures
did not indicate any deterioration of the animal's cardiovascular status
from the start to the finish of the experiment. Although there was a
statistically significant drop in hematocrit over the course of the experi-
ment, this did not appear to have any noticeable effect on the cardiovascular
pressures. The fall in hematocrit may have been due to hemodilution result-
ing from repeated flushing of the catheters with saline after each sample
was taken.
Figure 1 illustrates the average blood gas values during rest and
significant differences caused by exercise. Arterial (PaC0_) and mixed
venous PCO- (P-CO-) declined from resting values of 31 torr and 3^ torr,
respectively, to 19.5 and 25.5 torr during maximal exercise. Although an
elevation in body temperature of 2 to 3 C during exercise—a value estimated
from the findings of Taylor et aj_. (12) and Butler et aj_. (2)—would result
in PC0- values from 2 to 3 torr higher than those reported, the magnitude
of the PC0- changes with exercise was sufficiently great so that significant
reductions remained. Arterial pH, uncorrected for temperature, increased
during exercise; however, arterial pH would not have increased above resting
values if a correction for an increase in body temperature of 2 to 3 C had
been applied. Mixed venous pH exhibited a sharp decline at the onset of
exercise, the severity of the drop increasing with increasing treadmill
speed, but characteristically rose to near resting values by the end of
exercise. Arterial and mixed venous plasma bicarbonate concentration
TABLE 1. Cardiovascular variables in 10 White Pekin ducks before exercise
and 90 minutes after the last exercise period.
Variable Pre- Post-
experiment experiment
Mean Arterial Blood Pressure (mm Hg) 145 + 5.5a 145 + 5.0
a
Systolic Blood Pressure (mm Hg) 201 + 5.3 190 + 7.1
Diastol ic Blood Pressure (mm Hg) 117+6.7 119 +9.7
Right Ventricular Pressure (mm Hg) 32 + 2.6 27+2.1
Hematocrit % 32.5+ 1.4b 25.6+ 0.8b
a
Means + standard error of the mean.
Significantly different (P<0.05).
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8declined approximately 5 mM at the two lowest exercise speeds, and 6 mM at
the highest exercise speed. Although uncorrected for temperature, these
data clearly illustrate how blood gas tensions and the acid-base status of
the duck change during running.
The blood gas response to exercise when a duck ran without the cardiac
catheter implanted remained the same as for ducks with the heart catheter
in place. Therefore, the cannula in the right ventricle had no apparent
adverse influence on heart action during exercise. No hemorrhage or
myocardial damage was evident upon gross observation of the heart at necropsy,
in the birds exercised with a heart catheter implanted.
The mean resting values of arterial pH, PC02 , and
bicarbonate concentration
observed in the present study were similar to those reported by Calder and
Schmidt-Nielsen (3) in nine different species of birds and by Kawashiro and
Scheid (7) in undisturbed, awake ducks and chickens using a remote-control
sampling device. Resting mixed venous blood gas tensions in our ducks were
similar to those reported by Piiper et a]_. (9) in anesthetized chickens.
Our data indicate that ducks hyperventilate during exercise; arterial
PCO is reduced by as much as 10 torr during severe exercise. The duck,
therefore, increases its ventilation far in excess of its C0 2 production,
as indicated also by the fall in mixed venous PC02 . The
hyperventilation
during exercise cannot be explained by the altered discharge of known
chemoreceptors in the bird. Carotid body chemoreceptors or those in the
central nervous system are activated by elevated PC02 or decreases in
arterial pH and arterial P02 (1, 6).
in the running ducks, the arterial
PCO, decreased and arterial pH remained unchanged; thus, these variables
could not have provided the stimulus for the hyperventilation. Furthermore,
intrapulmonary CO- receptors (4) should have increased their discharge
frequency with lowered intrapulmonary CO- concentration and thereby inhibited
venti lat ion.
Much of the information relating increases in ventilation to mechano-
receptor activity from exercising muscles is inconclusive. However, Tibes
(13) observed that in exercising muscles of the dog the discharge of small
group III and IV fibers elicits a strong ventilatory drive. It is possible
that local metabolites from exercising muscles could provide the necessary
stimulus to excite these nerve fibers in the duck and thus increase ventila-
tion despite hypocapnia.
REFERENCES
1. Bouverot, P. , N. Hill and Y. Jammes. Ventilatory responses to C0_ in
intact and chronically chemodenervated Peking Ducks. Respir. Physiol .
22: 137-156, I97*».
2. Butler, P. J., N. H. West, and D. R. Jones. Respiratory and cardiovascular
responses of the pigeon to sustained level flight in a wind tunnel.
J. Exp. Biol . 71: 7-26, 1977.
3. Calder, W. A., and K. Schmidt-Nielsen. Panting and blood carbon
dioxide in birds. Am. J. Physiol . 215: 477-482, 1968.
4. Fedde, M. R. and W. D. Kuhlmann. Intrapulmonary carbon dioxide
receptors: Amphibians to mammals. _l_n: Respiratory Function in Birds,
Adult and Embryonic, Ed. by J. Piiper, Spr inger-Verlag, New York,
PP. 33-50, 1978.
5. Helbacka, N. V. L. , J. L. Casterline Jr., C. J. Smith, and C. S. Shaffner.
Investigations of plasma carbonic acid pK 1 of the chicken. Poultry Sci .
43: 138-144, 1964.
6. Jones, D. R. and M. J. Purves. The effect of carotid body denervation
upon the respiratory response to hypoxia and hypercapnia in the duck.
J. Physiol. (London ) 211: 295-309, 1970.
7. Kawashiro, T. and P. Scheid. Arterial blood gases in undisturbed
resting birds: Measurements in chicken and duck. Respir. Physiol
.
23: 337-342, 1975.
8. Millard, R. N. , K. Johansen, and W. K. Milson. Radiotelemetry of
cardiovascular responses to exercise and diving in penguins. Comp
.
Biochem. Physiol
. 46A: 227-240, 1973.
11
9. Pi i per, J., F. Drees, and P. Scheid. Gas exchange in the domestic fowl
during spontaneous breathing and artificial ventilation. Respir
.
Physiol , 9: 234-245, 1970.
10. Severinghaus, J. W. Blood gas concentrations. J[n: Handbook of
Physiology, Section 3, Respiration Vol. 2, ed. by W. 0. Fenn and
H. Rahn. Washington, D. C. , American Physiological Society,
pp. 1475-1487, 1965.
11. Strumia, M. M. , A. B. Sample, and E. D. Hart. An improved
micro-hematocrit method. Am. J. Cl in. Path . 24: 1016, 1954.
12. Taylor, C. R. , R. Dmi'el, M. Fedak, and K. Schmidt-Nielsen. Energetic
cost of running and heat balance in a large bird, the rhea. Am. J.
Physiol
.
221: 597-601, 1971
.
13. Tibes, U. Reflex inputs to the cardiovascular and respiratory centers
from dynamically working canine muscles. Circ. Res . 41: 332-341, 1977.
'PART II. RESPIRATORY AND CARDIOVASCULAR RESPONSE TO EXERCISE IN THE DUCK
ABSTRACT
To study ventilatory and cardiovascular responses of the duck to
running, adult White Pekin ducks were exercised for 20 minutes on a tread-
mill (3° incline) at two speeds: 0.9 and 1.47 km/hr. Each exercise period
was followed by a 90 minute rest period. Heart rate, systolic and diastolic
blood pressure increased significantly during each exercise period. During
exercise, tidal volume decreased and respiratory frequency increased.
Minute ventilation increased at the onset of exercise and continued to
increase throughout, while clavicular air sac PC02 decreased. Both
arterial PC0- and mixed venous PC0 2 decreased as the running speed increased.
Mixed venous pH decreased at the onset of exercise but returned to near rest-
ing values by the end of an exercise period. Arterial pH did not signifi-
cantly change from control values at either exercise period. Arterial P0-
exhibited significant increases at both exercise speeds, while arterial and
mixed venous plasma bicarbonate concentration decreased significantly with
each exercise period. Body temperature increased 1-2 C during each run.
Because the increased ventilation produced a reduction in arterial PC0-
it is unlikely that peripheral or central C0
2
~sens
i
tive chemoreceptors were
responsible for the ventilatory drive but that drive may result from hyper-
thermia or activity of certain muscle afferents.
12
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INTRODUCTION
Many studies have dealt with changes in blood gas tensions and
ventilatory adjustments during exercise in humans and other mammals (9, 13,
33). However, the nature of the stimulus and the controlled variable(s)
involved in the control of ventilation remain poorly understood. During
moderate muscular exercise in mammals arterial PC0
?
(PaC0_) and arterial
pH (pHa) are regulated about control values despite increases in C0„
production; PaC0
?
decreases only with very severe and exhaustive exercise
(32).
The paucity of information on ventilation and blood gas tensions in
exercising birds is due mainly to the difficulty in measuring these vari-
ables on an unrestrained bird. However, there have been two studies on
blood gas changes and several studies on ventilatory changes during exercise.
In the running penguin, PaO- and 0- saturation increase but no appreciable
change in pHa occurs until exercise is severe and exhaustive (23). Pigeons,
during wind tunnel flight, exhibit a decrease in PaC0„ , P-C0„ and P-CL in
2 v 2 v 2
addition to decreases in pHa and pH-; Pa0_ increases over resting values
(6). Respiratory frequency (fresp) increases during wind tunnel flight at
least twofold in the budgerigar (30), starling (29), and crow (2), and up to
20 times resting values in the pigeon (6, 14, 19). Tidal volume (VT ) was
found to increase two fold during flight in the fish crow (2), fourfold in
the starling (29) and twofold during walking in the pigeon (14). However,
during flight in the pigeon there was little increase in V_, but a 20 fold
increase in ventilation resulting mainly from the increased rate of breathing;
V
T
decreased only when the birds were panting (14). PC0
2
falls and P0- rises
in the anterior thoracic air sac of the starling during flight suggesting
these birds hyperventilate (29).
In the present study, we measured arterial and mixed venous blood gas
tensions, ventilation, clavicular air sac gas concentrations and body
temperature during rest and various levels of running in ducks, in an
attempt to define the variable(s) controlling ventilation during exercise.
METHODS
Animal preparation . Ten adult White Pekin ducks (Anas platyrhynchos
domes ticus ) weighing between 2.2 and 3.4 kg (mean, 2.7 kg) were obtained
from a local breeder, housed in an indoor floor pen and provided with feed
and water ad 1 ib i turn . The ducks were weighed, placed in dorsal recumbency,
and administered a total dose of approximately 1.5 ml of a local anesthetic
(2% lidocaine HCl with epinephrine, Astra Pharmaceutical) subcutaneous ly in
three areas: a) ventral surface of the right wing around the cutaneous
ulnar vein and brachial artery; b) around the anal orifice for insertion
of a rectal probe for measuring body temperature (Yellow Springs Inst.,
model 401 and WTD) ; and c) on the mid-ventral side of the neck at approxi-
mately the level of the 10th cervical vertebrae.
The brachial artery was cannulated using a polyethylene catheter
(Clay Adams PE 90). Silastic tubing (Dow Corning, 0.76 mm ID, 1.65 mm 0D)
was inserted into the right ventricle via the cutaneous ulnar vein. Catheter
position was verified at the end of the experiment. An incision was made on
the mid-ventral side of the neck and the trachea was isolated and cannulated.
A pneumotachograph (Fleisch, #0) was attached to the tracheal cannula and
secured to the neck. Each duck was then administered Pentazocine (0.30
mg/kg body weight, Taiwin-V, Winthrop Laboratories), a non-narcotic
analgesic drug, intramuscularly following surgery to provide relief for
any discomfort.
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Recordings . Arterial blood pressure (from the cannulated brachial
artery) and right ventricular pressure were recorded with pressure trans-
ducers (Statham, model P23Gb and P23De) on a multi-channel pen recorder
(Brush, model *t8l). Heart rate was obtained from the arterial blood pressure
tracing. Hematocrit was determined on arterial blood by a micro-centrifuge
method (27). Ventilation was measured using a pneumotachograph (Statham-
Godart, type 17212) and recorded on the pen recorder. The pneumotachograph
was calibrated with a respiratory pump (Harvard Apparatus, model 681) before
and after each experiment.
A treadmill was constructed from a commercial belt sander. The tread-
mill belt provided a silicone rubber-coated running surface which was driven
by a variable speed motor. Speed of the belt was measured by computing the
time interval between successive interruptions of a light beam by a slotted
disc on the treadmill belt using an 8080 based microprocessor. A wire cage
was constructed around the belt to confine the duck on the treadmill. Open-
ings were cut in the top of the cage to enable the catheters to extend to
the sampling syringes, thus eliminating any handling of the animal through-
out the experiment. A television camera (Cohu, model 2810) mounted approxi-
mately 1 meter in front of the cage allowed continuous observation of the
duck without its knowledge. The sides and back of the cage were draped
to minimize visual stimuli to the duck. A constant background of white
noise was generated using a preamplifier and an audio monitor (Grass P-511
and AM-8).
The pH, PC0
2
and P0_ of arterial and mixed venous blood were analyzed
at Jfl.O C with a blood gas analyzer (Instrumentation Laboratories, model
113), and corrected to the body temperature of the bird (26). The pH
electrode was cal ibrated before and after each exercise period with buffers
16
of pH 6.840 and 7.384. The PC0
2
and P(L electrodes were calibrated with
gases (5% C0
2
, 15% 2
and 80% N
2
; and 0% 2> 10% C02 , and 90% Nj derived
ii
from two gas mixing pumps (Wosthoff, model 301 a/F). A P0- electrode
correction factor was determined from an equilibrated sample of the ducks'
blood at the start of each experiment (24). The standard plasma bicarbonate
concentration was calculated with a blood gas calculator (26), using the
pK' for carbonic acid and the solubility coefficient for CO- in avian plasma
(15).
Experimental protocol . The fastest treadmill speed at which all ducks
could successfully run for 20 minutes was 1.47 km/hr. Conversely, the
slowest walking speed at which they would continue to exercise was 0.9
km/hr. Exercise consisted, therefore, of these two speeds with the tread-
mill inclined at 3 degrees. Each exercise period was 20 minutes long and was
followed by a 90 minute rest period. Samples (about 1.5 ml) of arterial and
mixed venous blood were anaerob ical ly withdrawn at four predetermined time
intervals during each rest and exercise period, and immediately analyzed
for pH, PC0- and P0_. Catheters were flushed with approximately 0.6 ml of
saline between samples. Blood taken from donor ducks was continuously
tonometered (5% C0-, 15% 0- and 80% N-) and was used to replace blood
withdrawn during the experiment. To prevent coagulation, 500 III of heparin
(Organon, Inc.) was added to each 50 ml of tonometered donor blood. No
adverse signs resulted from blood transfusions.
Clavicular air sac gases . Five adult Pekin ducks weighing between
1.5 to 2.1 kg (mean 1.8 kg) were prepared as described above but, in
addition, a cannula was inserted into the clavicular air sac for measurement
of clavicular air sac gas tensions. These ducks underwent the same exercise
17
protocol described above. The right ventricle was not cannulated and mixed
venous blood gas tensions were not measured; the ducks' response to running
without the right heart catheter was the same as when the heart catheter
was in place.
Effects of low ambient temperature during exercise
. An additional
experiment was performed on one duck weighing 2.1 kg to test the effects
of running at a reduced ambient temperature on changes in arterial blood
gas tensions. The brachial artery was cannulated as previously described
and the bird underwent the above mentioned protocol in a cold room at a
temperature of 8.5 C.
Data analys is
.
The data were analyzed on an ITEL (model, AS/5-3)
computer, using a two-way analysis of variance to test differences among
means. The means were separated using the least square differences and the
differences were considered significant at the 5% level of probability
(P < 0.05). The asterisks (*) denote significant differences from pre-
exercise to exercise periods only, and do not reflect changes in periods
following each exercise level.
RESULTS
Cardiovascular changes during exercise
. A comparison of cardiovascular
variables before the birds were exercised and 90 minutes after the last
exercise period is shown in Table 2. Only minor changes in heart rate,
mean arterial pressure, right ventricular pressure, systolic and diastolic
pressures, or in hematocrit occurred. The ducks' condition did not deterio-
rate from the start to the completion of the experiment and therefore changes
observed with exercise were not influenced by failing condition of the animal.
18
TABLE 2. Cardiovascular variables in ten Pekin ducks measured before
exercise and at the end of the experiment.
~
,
.. Pre- Post-
Variable
exper iment exper iment
Heart Rate (beats- mi n" ) *231 + 17.*» 266+21.8
Mean Arterial Blood Pressure (mm Hg) 118+8.1 119+ 5.6
Systolic Blood Pressure (mm Hg) 19^ + 6.3 175 + **. 1
Diastol ic Blood Pressure (mm Hg) 112+11.1 107+ 7.9
Right Ventricular Pressure (mm Hg) **2k,5 + 2.2 21.4+ 2.1
Hematocrit % 35.5 + 1.8 31.1 + 1.3
Values are means + standard error.
The pre-exper iment right ventricular pressure was measured with the
birds restrained and in a supine position.
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The cardiovascular changes, with significant differences from rest,
that occurred during the two exercise periods are shown in Figure 2. Heart
rate increased approximately 90% over resting values at both exercise
speeds, the increase related to the intensity of exercise. Calculated
mean arterial blood pressure rose 30% and systolic and diastolic pressures
increased approximately 20% and 40%, respectively, above resting values
regardless of treadmill speed.
Ventilatory response to exercise
. At the onset of either level of
exercise, minute volume rapidly increased within the first two minutes and
continued to rise at a slower rate until the completion of the exercise
period (Fig. 3). Venti lation was highest at the fastest treadmill speed.
Respiratory frequency also rose sharply at the onset of exercise and the
magnitude of the increase was slightly higher at the faster treadmill
speed. Tidal volume decreased at the onset of exercise from 90 ml at
rest to 26 ml by the end of an exercise period. Tidal volume did not show
any relationship to the degree of exercise, the fall being the same at both
exercise speeds.
Blood gas changes with exercise
. Figure k illustrates the average
blood gas values and significant differences from rest to exercise.
Arterial PC0
2
declined from 25.1 torr at rest to 18.7 torr during the
fastest exercise speed. Mixed venous PC0
2 ,
on the other hand, rose signi-
ficantly by 2 torr at the onset of exercise then fell to 25 torr during the
highest work rate. Mixed venous pH initially exhibited a sharp decline at
the beginning of exercise but rose to near resting values by the end of
exercise; arterial pH did not significantly change at either high or low
treadmill speeds. Arterial and mixed venous plasma bicarbonate concentration
20
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declined at both treadmill speeds as the ducks exercised. Arterial P0»
increased by 6 torr over resting levels at low exercise and by 15 torr
during the fastest exercise speed, while mixed venous P0_ declined during
both periods of running.
Body temperature changes with exercise . Body temperature increased
over the entire course of the experiment (Fig. 5). During exercise rectal
temperature rose from 41.0° C at rest to 42.4 C at the low running speed;
then during the rest period following exercise returned to a level approxi-
mately 0.8° C higher than the starting temperature. At the faster treadmill
speed, rectal temperature rose from 41.8 C during rest to 43.2 C before
completion of exercise. The total rise in body temperature from the start,
prior to any exercise, to the completion of the last exercise period was
on the order of 2.2 C.
Clavicular air sac gas changes with exercise . Clavicular air sac
PC0- significantly decreased from a mean resting value of 37 torr to 27 torr
at the highest exercise speed in the five ducks tested (Fig. 6). PaCCL of
these birds decreased from 30 torr at rest to 24 torr at the end of the
exercise period. Arterial pH again remained unchanged from rest to exercise
and PaCL rose significantly by 10 torr at the fastest exercise speed. These
blood gas changes were similar to that exhibited by the 10 ducks previously
discussed.
Response to exercise at low ambient temperature . Rectal temperature
increased by only 0.6 C in one duck running at 0.9 and 1.47 km/hr for 20
min at an ambient temperature of 8.5 C, and its body temperature returned
to the resting value of 41.0 C. Arterial PC0„ declined in this bird from
29 torr at rest to 19 torr, running at a speed of 1.47 km/hr. Arterial pH
exhibited no change at the low exercise level but significantly increased
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by 0.07 pH units during the high exercise level, while arterial PCL increased
from 97 torr at rest to \0k torr and 114 torr by the end of the low and high
exercise levels, respectively. The blood gas response was dramatic during
exercise in the cold environment much the same as in the duck that ran at
an ambient temperature of 25 C; however, pHa rose during the high level of
exercise in the cold, a response which was not observed in running ducks
at 25° C.
DISCUSSION
Critique of methods . Tidal volume measurements during exercise in
birds are difficult to obtain. We initially attempted to use a mask for
this measurement but the ducks failed to run. We therefore were forced to
cannulate the trachea mid-cervical ly under local anesthesia and secure a
pneumotachograph to the neck. That most likely altered the normal humidify-
ing and filtering of inspired air, the upper respiratory dead space volume,
and airway resistance. The mean resting values of tidal volume, respiratory
frequency and minute ventilation observed in the present study are slightly
higher than those reported in unanesthet ized, resting Pekin ducks (k, 5).
These, or other unknown problems, resulting from the tracheal cannulation,
presumably caused a lower PaCO- than expected for intact, resting ducks
(17). Resting mixed venous PCCL averaged 10 torr lower and P-0- was
approximately \h torr higher than those reported for anesthetized chickens
(25); however, the blood gas changes with exercise were large and clearly
illustrated the ventilatory and acid-base response to this activity.
It was crucial to obtain resting blood gas and ventilatory values
which were not affected by possible visual or auditory stimuli that would
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have adversely influenced breathing. We used a white noise generator and
a video camera during the experiments to minimize such stimuli; these
generally prevented irregular breathing, especially during rest.
The blood gas and pH values were corrected for body temperature changes
of the ducks during exercise using temperature correction factors derived
from mammalian blood (26). However, after completing these experiments, it
became apparent that correcting blood gas and pH data for rectal temperature
changes using mammalian correction factors may not be entirely precise.
Therefore, duplicate 2 ml samples of duck blood, obtained by cardiac puncture,
were adjusted to a pH of 7.50 with 1M NaHCCL and equilibrated for 20 min with
gases (5% C02 , 15% 2 and 80% N,) at temperatures from 41.0° C to ^5.0° C.
The PC0
2
and pH of the equilibrated blood were measured at 1° temperature
increments with the blood gas analyzer at 41.0° C. From experiments on four
ducks PC0
2
increased linearly with increasing temperature. Table 3 provides
a comparison of PC0
2
temperature corrections for avian blood and those derived
for mammalian blood (26). For temperatures less than k3° C the mammalian and
avian correction factors are in close agreement; however for higher temper-
atures the Sever inghaus correction factors underestimate the true PC09 by
as much as 1.6 torr at kS C. If we assume that the blood temperature did
not increase above kk C during exercise (which is likely because this is
approaching the lethal temperature for birds (20)), the Severinghaus
correction factor which we used would not cause significant error.
The levels of exercise were chosen based on preliminary observations
that the maximum running speed which most intact ducks could successfully
endure for 20 minutes was 2.16 km/hr. Conversely, the slowest walking
speed at which they would continue to exercise was 0.9 km/hr. Birds with
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TABLE 3. Avian and mammalian temperature correction factors for PCCL'
Avian pco
2
correct ion Mamma 1 i a n PC0
2
correct ion (26)
Temp. °C AT Rat
.
. ,P cool x
^P warm
Temp. °C AT „ _
. ,P COO 1 x.
Ratio (- )V
P warm
41 0.0 1.00 41 0.0 1.00
42 1.0 0.958 42 1.0 0.958
43 2.0 0.904 43 2.0 0.918
44 3.0 0.852 44 3.0 0.880
45 4.0 0.795 **5 4.0 0.843
^Temperature corrections for PC0
?
; these charts allow calculation of
PCO2 when temperature is changed anaerob ical l.y. To use this chart:
PCO2 measured at 41.0° C is corrected to 43.0° C body temperature by
dividing the measured PCO2 by .904 for birds and .918 for mammals or
measured at 43° C and corrected to 41° C by multiplying by .904 and
.918 for birds and mammals, respectively.
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a cannulated trachea could not attain the maximum running speed; therefore
the highest level of exercise used was an intermediate value between their
maximum running capability and a slow walk.
Cardiovascular changes from rest to exercise . The abrupt rise in heart
rate and blood pressure at the onset of exercise in running ducks and penguins
(23), as well as flying birds (6, 1^+), is similar to mammalian cardiovascular
changes during exercise (18). In mammals there have been many controversial
attempts to explain the changes in cardiac output at the onset of exercise
with ventilation. Initially, these changes were thought to be induced
neurogenical ly because of their rapidity (9) perhaps as a result of increase
in sympathetic discharge. However, it has been demonstrated that at the
onset of exercise the flow of C09 from the mixed venous blood to the lungs
quickly rises; this may be attributed to an immediate rise in cardiac output
followed by an increased P-CO- ; this increased flow is sensed by receptors,
possibly in the lung, which then increase ventilation to match the increased
C0„ flow and cardiac output (33).
The increase in cardiac output during exercise has been shown to be
related mainly to an increase in heart rate, while stroke volume remains
close to resting levels (9). In the running duck, heart rate increased
two fold; thus, we can infer that cardiac output increased proportionally.
Mean arterial pressure, on the other hand, increased only approximately 1.2
times during exercise; total peripheral resistance, the ratio of mean
arterial pressure to cardiac output, must therefore have decreased during
exercise, allowing the heart to pump more blood with higher efficiency than
if peripheral resistance had remained unchanged. That response may have
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been facilitated by skin vasodilation as body temperature increased with
exercise. These findings are similar to those of flying pigeons (6).
Ventilatory and blood gas changes from rest to exercise in birds
. Our
data indicate that ducks hyperventilate during exercise with respect to their
C0
2
production. Respiratory frequency increased 10 times the resting levels
while tidal volume decreased by 1.5 times resulting in a 4-5 fold increase in
minute ventilation. As a result of the increased minute ventilation, PC0 9
was reduced by as much as 7 torr during the high level of exercise. Based
on the increase in v"
j
and the fall in PaC0
2
there is a strong indication
that the effective parabronchial ventilation, the volume of fresh gas that
passes over gas exchange surfaces, increases sharply during exercise. During
flight in the starling (29), pigeon (14), and fish crow (2), both respiratory
frequency and tidal volume increase with an accompanying rise in ventilation.
Upon completion of flight, a sharp fall in respiratory frequency and tidal
volume account for the ensuing decline in ventilation. In the running duck,
there is also an abrupt fall in ventilation at the completion of exercise,
with respiratory frequency and tidal volume returning to resting levels;
however, after completion of the high level of exercise, tidal volume con-
tinued to decrease for nearly 10 min before returning to pre-exercise values.
Arterial pH underwent no significant change from rest to exercise in running
ducks, despite the fall in PaC02> a finding in agreement with that of Millard
et aj_. (23) on walking penguins.
The significant fall in clavicular air sac PC0
2
further indicates that
the running duck hyperventilates. This measurement is indicative of a fall
in parabronchial C0
2
concentration. Clavicular air sac PC0
2
has been shown
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to approximate end-expired PCCL (3). That clavicular air sac PC0 2> and
presumably end-expired PCCk exceeded arterial PC0
2
is not atypical in
birds, as explained by the cross current system for gas exchange (8, 22).
Possible receptors responsible for hyperventilation . Birds possess
intrapulmonary CO- receptors; neural discharge from these receptors increases
as airway CCL concentration decreases (10). Impulses from these receptors
act centrally to inhibit ventilation. Thus, hyperventilation during exercise
with ensuing reduction in intrapulmonary C02 concentration should have caused
these receptors to increase their discharge frequency and thereby inhibit
ventilation. It appears that these receptors are not driving ventilation
during exercise; however, they may act to limit hyperventilation and thereby
prevent arterial PC02 from falling to intolerable levels.
Other chemoreceptors, such as carotid bodies or those in the central
nervous system, are activated by elevated PC0 2> reduced P02 , or decreased
pHa (16). During exercise, the stimuli to these receptors are reduced.
Therefore, these chemoreceptors do not appear to be responsible for the
hyperventilation accompanying exercise.
In our running ducks, body temperature rose by approximately 2 C
during exercise, a finding common to other running or flying birds (6, 28).
The rise in body temperature may have stimulated ventilation and the role
of thermoreceptors may be important in the accompanying hyperventilation.
In man, hyperthermia greater than 1 C leads to hyperventilation and hypo-
capnia (12). However, increased body temperature alone does not appear to
be an independent stimulus in man; in moderate exercise, ventilation becomes
stable after several minutes of exercise yet body temperature continues to
rise (3^). In addition, our experiment performed on a running duck at a
lowered ambient temperature (8.5 C) , indicates ventilation still increases
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and PaCO- decreases despite only a 0.6 C increase in body temperature.
Those data suggest that thermoreceptors may not be causing the increased
ventilation during exercise. Most birds that undergo heat stress exhibit
a rise in body temperature wi th ensuing hypocapnia and alkalosis (11, 20, 21),
although during moderate heat loads the duck is able to increase its ventila-
tion without alkalosis or hypocapnia (k)
.
Neural input from muscles and joints is thought to cause the cardiovas-
cular and ventilatory responses during passive movement of these structures
in cats (1). Although these studies implicate mechanoreceptors from exercis-
ing muscles, other studies (7) suggest that the exercise hyperpnea in man is
linked to metabolism through C0
?
production and that the relationship be-
tween ventilation and CO- production is the same regardless of the rate of
limb movement (7). Tibes (31), has provided convincing evidence that dis-
charge of small, unmyelinated, group III or IV afferent fibers from exercising
muscles of the dog elicits a strong ventilatory drive. It is likely that
local metabolites from exercising muscles could provide a sufficient stimulus
to excite these small nerve fiber endings in the running duck and thereby
increase ventilation, heart rate and blood pressure despite the hypocapnia
that accompanies the exercise.
In summary, the hyperventilation associated with muscular exercise in
the duck cannot be explained by stimulation of peripheral or central chemo-
receptors bathed by arterial blood, but may result from an increased hyper-
thermic drive or the activity of certain muscle afferents responding to
increases in blood flow, chemical stimulation, or increases in muscle
temperature. Any combination of neurogenic or myogenic drives may provide
information required for the ventilatory and cardiovascular adjustments during
muscular exercise in the duck.
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The response of the avian cardiopulmonary system to exercise was
determined in adult domestic White Pekin ducks (Anas platyrhynchos )
.
In one series of experiments, ten ducks were exercised at three work
levels on a treadmill at speeds of 0.9, 1.^7, 2.16 km/hr for 20 min with
a 90 min rest period following each exercise period. Blood gas and pH
analyses were performed on samples simultaneously withdrawn from the
brachial artery and right ventricle (as an estimate of mixed venous blood)
at predetermined intervals during the experiment. Both arterial PC02
(PaCOj and mixed venous PC02 (P-C02 ) significantly decreased with increased
levels of exercise. Arterial pH (pHa) did not change significantly from
resting values at any level of exercise. Mixed venous pH (pH-) decreased
at the onset of exercise but returned to near resting values by the end of
each exercise period. These measurements indicate that ducks hyperventilate
during exercise over and above that required to eliminate the generated C0 2 .
In order to further study the ventilatory and cardiovascular responses
associated with exercise in the duck, ten additional adult White Pekin ducks
were exercised for 20 min on a treadmill (3 incline) at two speeds: 0.9
and 1.47 km/hr. Each exercise period was followed by a 90 min rest period.
Both PaC0 o and P-C0o decreased as the running speed increased. pH- decreased2 v 2 v
at the onset of exercise but returned to near resting values by the end of
an exercise period. Arterial P0 2 exhibited significant increases at both
exercise speeds. Both arterial and mixed venous plasma bicarbonate concen-
tration decreased significantly with each exercise period. Heart rate and
systolic and diastolic blood pressure increased significantly during each
1
exercise period. During exercise, tidal volume decreased and respiratory
frequency increased. Inspired minute volume markedly increased at the
onset of exercise and continued to increase throughout. Body temperature
increased 1-2° C during each run. The partial pressure of C02
in clavicular
air sac gas was determined on an additional five ducks and it decreased at
both exercise levels. In these same ducks, PaC02
also exhibited a sharp fall
at both exercise levels while pHa remained unchanged during each run. Be-
cause the increased ventilation produced a reduction in PaC02> it is unlikely
that peripheral or central C02
-sensit ive chemoreceptors were responsible for
the ventilatory drive; that drive may result from hyperthermia or activity
of certain muscle afferents.
